The current work investigates candidate building blocks based on molecular junctions from hydrogen transfer tautomerization in the benzoquinone-like core of an azophenine molecule with QTAIM and the recently introduced stress tensor trajectory analysis. We find that in particular the stress tensor trajectories are well suited to describe the mechanism of the switching process. The effects of an Fe-dopant atom coordinated to the quinone ring, as well as F and Cl substitution of different ring-hydrogens, are investigated and the new QTAIM and stress tensor analysis is used to draw conclusions on the effectiveness of such molecules as molecular switches in nano-sized electronic circuits. We find that the coordinated Fe-dopant greatly improves the switching properties, both in terms of the tautomerisation barrier that has to be crossed in the switching process and the expected conductance behavior, while the effects of hydrogen substitution are more subtle. The absence of the Fe-dopant atom led to impaired functioning of the switch 'OFF' mechanism as well as coinciding with the formation of closed-shell H---H bond critical points that indicated a strained or electron deficient environment. Our analysis demonstrates promise for future use in design of molecular electronic devices.
Introduction
With silicon-and other semiconductor-based microelectronics approaching the limits of physically possible miniaturisation, the prospect of molecular electronics, with switches, transistors or memory elements the size of a single molecule, remains the holy grail of device building. Since the introduction of the term "molecular electronics" by Ratner in 2002 1 , a considerable area of research has developed around molecule-sized switches. A recent review by Zhang et al 2 gives an overview of the breadth of the field. For the purposes of electronic components, molecular junctions are of particular interest, which have been reviewed by Komoto et al 3 . Major breakthroughs have recently been reported [4] [5] [6] [7] , but a workable strategy remains elusive.
We have found that azophenine, attached to a Cu(110) surface, can exist in two energetically identical states connected by hydrogen transfer from an amino to imino group and can be switched between those with the help of a Scanning Tunnelling Microscope (STM) tip [1] . Even more intriguingly, the energy difference of the most stable "meta" state and the metastable "para" structure has been calculated to be only 0.15 eV, with a conversion barrier of 0.42 eV.
For the purpose of molecular electronics 'free-standing' molecules are preferred to ones lying flat on a metal surface, since free-standing components could be attached to "molecular wires" made from, e.g., conducting
polymers, linked together to form nano-sized integrated circuits. If electrical conductivity through the imino and amino groups differs, a switching event will lead to different electronic behaviour. Free-standing molecular components could also be used to build novel molecular sensors to control electronic properties such as resistivity based on the chemical environment.
In the gas phase however, we calculated the energy difference between the two states to be much larger, 0.55 eV (with the para geometry more stable) with a hydrogen transfer barrier of 0.79 eV, making the molecule much less desirable as a molecular electronics component. A family of molecular switches based on the same quinone core as azophenine, without the external phenyl groups, was recently proposed 8 . Initial calculations showed that a single iron or cobalt atom, coordinated to the central quinone ring, can significantly lower the energy difference and barrier height, similar to the effect of a metal surface. In this study, we will use 3-imino-6-methylenecyclohexa-1,4-diene-1,4-diamine, with and without F and Cl substituted at the ring hydrogens and with and without a coordinated Fe atom above the ring, see Scheme 1. In the manuscript it will be referred to as the quinone switch. This is a model system; for practical applications, the metal atom would have to be kept in place, e.g., by being sandwiched between multiple rings or caged in by other molecules or functional groups.
A better understanding of the electronic structure would enable us to propose molecules with similar switching properties that might be more easily synthesised and networked than the model system proposed in Ref 8 . It would, for example, allow to predict the effect of different side groups attached to the quinone core, thus enabling fine-tuning of switching barrier and conductivity. This approach would include a formalism not in conventional Cartesian space but constructed from a 'phase-space' of the stress tensor trajectories that includes the most and least preferred directions of electronic charge density accumulation.
Scheme 1:
Example switch molecule used in this study, without substituents. The arrow shows the hydrogen transfer involved in the switching process.
We propose to do this with the scalar 4-6 and vector-based 5,7 aspects of the quantum theory of atoms in molecules (QTAIM) 9 and the stress tensor formalism. In particular, we will use the QTAIM and stress tensor trajectory σ (s) formalisms in the stress tensor trajectory space σ to understand the functioning of the switch, previously used for benzene to present a new characterization of normal modes 10 .
Theory and Methods

The QTAIM and stress tensor BCP descriptors; ellipticity ε, the total local energy density H(r b ) and stress tensor eigenvalue λ 3σ
We use QTAIM 9 and the stress tensor analysis that utilizes higher derivatives of ρ(r b ) in effect, acting as a 'magnifying lens' on the ρ(r b ) derived properties of the wave-function. QTAIM allows us to identify critical points in the total electronic charge density distribution ρ(r) by analyzing the gradient vector field ∇ρ(r).
These critical points can be divided into four types of topologically stable critical points according to the set of ordered eigenvalues λ 1 < λ 2 < λ 3 , with corresponding eigenvectors e 1 , e 2 , e 3 of the Hessian matrix. In the limit that the forces on the nuclei become vanishingly small, an atomic interaction line (AIL) 11 becomes a bond-path, although not necessarily a chemical bond 12 . The complete set of critical points together with the bond-paths of a molecule or cluster is referred to as the molecular graph, with the constituent atoms being referred to as nuclear critical points (NCPs).
The ellipticity ε provides the relative accumulation of ρ(r b ) in the two directions perpendicular to the bond-path at a BCP, defined as ε = |λ 1 |/|λ 2 | -1 where λ 1 and λ 2 are negative eigenvalues of the corresponding and e 2 respectively. It has been shown 13, 14 that the degree of covalent character can be determined from the total local energy density H(r b ), defined as:
In equation ( The quantum stress tensor, σ(r), is directly related to the Ehrenfest force by the virial theorem and so provides a physical explanation of the low frequency normal modes that accompany structural rearrangements [15] [16] [17] . In this investigation we will use Bader's definition 18, 19 of the stress tensor. A diagonalization of the stress tensor, σ(r), returns the principal electronic stresses. The stress tensor eigenvalue associated with the bond path, λ 3σ, has been associated with transition-type behavior in molecular motors 20 .
The stress tensor trajectory σ (s)
We will use the stress tensor eigenvectors {e 1σ , e 2σ , e 3σ }, instead of the Cartesian coordinate frame, to track and characterize the changing orientation of the eigenvectors of the BCPs with respect to the functioning of the quinone switch. This is undertaken in terms of the opening, that is the 'ON' position, and closing of the switch, i.e. the 'OFF' position, both for the quinone switch with and without Fe-dopant, and with a fluorine atom in two different positions. The stress tensor eigenvectors e 1σ and e 2σ correspond to the most and least preferred directions of charge density accumulation ρ(r b ), and the e 3σ eigenvector is always directed along the bond path. Additionally, for a given BCP, the stress tensor eigenvectors {e 1σ , e 2σ , e 3σ } for that BCP at the transition state are used as the projection set for the entire trajectory σ (s). The corresponding trajectory length σ in the stress tensor eigenvector projection space σ , is calculated as the sum:
The trajectories σ (s) and the associated trajectory length σ can then be calculated for several of the Earlier, we used equation (3) to compare the values of the stress tensor trajectory length σ between the photochromism and fatigue path-ways BCPs of interest 21 . The corresponding real space lengths l(s) of the σ (s) are calculated as the sum:
Computational Details
Candidate structures for transition states were optimized with Gaussian 09 22 using DFT at the PBE0 23 /cc-pVTZ 24 level of theory, with Grimme's empirical 3-center dispersion correction with
Becke-Johnson damping. 25, 26 Gaussian's 'ultrafine' DFT integration grid was used for all calculations. These settings were retained in all subsequent calculations described below. The presence of exactly one imaginary vibrational frequency was confirmed for each transition state structure. All IRC calculations were performed with a step size of 0.03 Bohr, tight SCF convergence criteria and a termination criterion of energy gradient magnitude < 2x10 -4 Hartree/Bohr. The final calculated structures on each IRC path were then used as starting points for standard geometry optimizations, using the same method, basis set and DFT settings, to obtain precise local energy minimum structures to complete each full IRC path. For each generated structure representing a point on each computed IRC path, single-point SCF calculations were performed with the aforementioned DFT settings and basis set, with additional stricter convergence criteria; < 10 -10 RMS change in the density matrix and < 10 -8 maximum change in the density matrix. These calculations yielded the wave-functions needed for QTAIM analysis.
Calculations of the molecular graphs and critical point properties were performed using AIMAll 27 : all molecular graphs were additionally confirmed to be free of non-nuclear attractor critical points.
Results and Discussion
Factors affecting the performance of the quinone switch from QTAIM and stress tensor
The goal of this study is to understand the shape of the switching barrier and pathways of electric The reverse direction corresponds to the 'ON' position for the Fe-doped switch with the C5-N11 BCP as the 'entry' pathway as indicated by the very thick brown arrow in the left panel of Figure 1(a) . The value of the ellipticity ε of the C5-N11 BCP is high enough to correspond to double bond character which implies higher conductivity for shared-shell BCPs. In the forward (f) direction, i.e. the 'OFF' position, the ellipticity ε of the Fe-doped switch of the C5-N11 BCP reduces to the extent of being a single bond, i.e. less favorable for conduction, indicated by the thin brown arrow in the right hand panel of Figure 1(a) . It can be seen that for the undoped quinone switch the C5-N11 BCP ellipticity ε falls to a lower value than for the Fe-doped switch, indicating that the switch is even less favorable for conduction in the 'OFF' position, see Figure 3(b) . The ellipticity ε of the C2-C7 BCP (the 'exit' pathway) for both the Fe-doped and undoped quinone switch remains high throughout both reactions consistent with the presence of a double bond, see Figure 3 .
Consistency is found from comparison with the total local energy density H(r b ) where more negative values correspond to stronger bonds, see Figure 4 (a-b) and correlates with higher ellipticity ε values, seen by comparison with Figure 3(a-b) . with Figure 3(d) .
We see that for the proton transfer from N10 to N11 there is an exchange of ellipticity ε values (high to low in the bond path to the nitrogen gaining the transferred proton and vice versa for the other nitrogen) and also an exchange of chemical character, see Figure 3(e-f) . This exchange occurs between the shared-shell N10-H13 BCP to the closed-shell H13--N10 BCP from the reverse (r) through to the forward minimum (f) and for the closed-shell N11--H13 BCP to the shared-shell H13-N11 BCP, see Figure 4(e-f) . This effect is also observed for the stress tensor eigenvalue λ 3σ , see Figure 5(e-f) . If the Fe-doped quinone switch is in the 'ON' position, there are no closed-shell BCPs present in the molecular graph; however this is not the case for the 'OFF' position of the switch, see the left panel of Figure 1(a) . Assuming that the Fe-doped quinone switch shows better switching characteristics than the undoped switch, we now consider the factors affecting whether the UP or DOWN F decorated switch is preferred. We will examine this with respect to the C3-Fe18 BCP (UP) and the C6-Fe18 BCP (DOWN), see 
The functioning of the quinone switch explained by the stress tensor trajectory σ (s)
The main goal of the stress tensor trajectory σ (s) analysis is to understand the functioning of the quinone switch in terms of the factors impairing the 'ON' and 'OFF' functioning of the switch in the stress tensor eigenvector projection space σ . This is possible because the stress tensor trajectory σ (s) can be used to visualize the 'ON' or 'OFF' switching process in the stress tensor eigenvector projection space σ . This is achieved by tracking the motion of a BCP starting from the transition state and terminating at either the reverse Table 1 and Table 2 . The maximum projections {(e 1σ •dr) max , (e 2σ •dr) max , (e 3σ •dr) max } in the stress tensor eigenvector projection space σ for the undoped and Fe-doped quinone switches are presented in Table 3 and Table 4 , respectively. It can be seen that for both the undoped and Fe-doped quinone switch, the UP and DOWN trajectories σ (s) for the N11-C5 ('entry' pathway) and C2-C7 BCP ('exit' pathway) trace very different paths through σ space and are therefore distinct and unique, see Figure 6(a-b) respectively. This is in contrast to the scalar results for the ellipticity ε, total local energy density H(r b ) and the stress tensor eigenvalue λ 3σ , see Figure 1 This reflects the results for the ellipticity ε, total local energy density H(r b ) and the stress tensor eigenvalue λ 3σ , see Figure 3(c-d), Figure 4(c-d) and Figure 5(c-d) respectively. The BCP associated with the hydrogen NCP motion between the N10 and N11 NCPs moves considerably further in both real space and σ space than all other BCPs, see Figure 8(a-b) . This is determined by the lengths of the trajectories σ (s) specified in real space by l and in σ space by σ , see Table 1 and Table 2 .
There is a strong contrast in the form of the trajectories σ (s) of the H13--N10/N10-H13 BCP and H13--N11/N11-H13 BCP for the forward 'OFF' switch position between the undoped and Fe-doped quinone switches, see Figure 8(a) and Figure 8(b) respectively. The linear trajectories σ (s) of the forward 'OFF' switching in the undoped switch resembles the form of the trajectories σ (s) for fatigue reaction recently examined 21 , see Figure 8 (a) whereas the validity of Hammond's postulate is again apparent for the Fe-doped switch, see Figure 8 (b).
The greater symmetry of the Fe-doped switch between the reverse (r) 'ON' and forward (f) 'OFF' trajectories σ (s) for the N10-H13 BCP compared with the undoped switch is apparent in the lengths (l in real space and σ in σ space), compare Table 2 with Table 1 . There is also a more equal extent along both the most preferred e 1σ and the least preferred direction e 2σ for the Fe-doped switch, see Figure 8 (b) and also compare the entries for reverse (r) 'ON' and forward (f) 'OFF' of the N10-H13 BCP in Table 3 and Table 4 .
The undoped switch corresponding to the σ (s) of the H13--N10/N10-H13 BCP does not attain the 'OFF' position in contrast to the corresponding σ (s) of the Fe-doped switch. This observation is explained by the existence of the significantly shorter σ (s) in the most preferred direction e 1σ of the undoped switch in the 'OFF' position compared with the Fe-doped switch; compare Table 3 with Table 4 . Table 1 . The stress tensor projection space σ trajectory lengths σ in atomic units (a.u.) for the reverse (r) and forward (f) directions of the IRC of the F NCP substituent without the Fe NCP dopant, C3-F8 (UP position) and C6-F8 (DOWN position) refer to the positions of the F substituent indicated in Figure 1 (a) and Figure 1( 
Conclusions
Using both a QTAIM and stress tensor analysis we have explained how the proton transfer mechanism responsible for the functioning of quinone switches is affected by the absence or presence of a dopant Fe and end at the reverse (r) and forward (f) minimum, respectively, rather than starting at the minima and ending at the ambiguous transition state.
We find that the undoped quinone switch does not fully attain the 'OFF' position due to the lack of extent of the σ (s) of the H13--N10/N10-H13 BCP in the e 1σ direction, i.e. the easiest direction of electronic motion.
The consequence of this will be a leaky switch which makes the molecule less suitable to being used in electronic circuits. This problem is corrected by the addition of the Fe-dopant atom explained by significant motion of the H13--N10/N10-H13 BCP in the preferred e 1σ direction and therefore the attainment of the 'OFF' position in the σ space representation.
The insights gained from this stress tensor analysis have been demonstrated to be more useful than a conventional Cartesian-based analysis for exploration of the properties of molecular electronic devices.
Future investigations could consider additional dopants or the application of electric fields that enable the switch to function optimally by readily moving between the 'ON' and 'OFF' positions.
